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During development, motor and sensory axons grow to peripheral targets with remarkable precision. Whereas much has
been learned about the development of motoneuron connectivity, less is known about the regulation of cutaneous
innervation. In adults, dorsal root ganglia (DRG) innervate characteristic skin regions, termed dermatomes, and their axons
project somatotopically in the dorsal horn. Here, we have investigated whether cutaneous neurons are selectively matched
with specific skin regions, and whether peripheral target skin influences the central connections of cutaneous neurons. To
address these questions, we shifted limb buds rostrally in chick embryos prior to axon outgrowth, causing DRGs to
innervate novel skin regions, and mapped the resulting dermatomes and central projections. Following limb shifts,
cutaneous innervation arose from more rostral and from fewer DRGs than normal, but the overall dermatome pattern was
preserved. Thus, DRGs parcel out innervation of skin in a consistent manner, with no indication of matching between skin
and DRGs. Similarly, cutaneous nerves established a “normal” somatotopic map in the dorsal horn, but in more rostral
segments than usual. Thus, the peripheral target skin may influence the pattern of CNS projections, but does not direct
cutaneous axons to specific populations of neurons in the dorsal horn. © 2002 Elsevier Science (USA)
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During embryonic development, both motor and sensory
axons grow to their peripheral and central targets with
remarkable precision (reviewed in O’Donovan et al., 1992;
Scott, 1992; Landmesser, 2001). The mechanisms respon-
sible for guiding axon growth and connectivity in the
hindlimb sensory-motor system are beginning to be un-
derstood. Motoneurons destined to innervate particular
muscles have unique molecular signatures (Tsuchida et al.,
1994) and are able to navigate accurately to their target
muscles (reviewed in Landmesser, 2001). Outgrowing
muscle afferents appear to follow motor axons to their
targets (Landmesser and Honig, 1986; Scott, 1988). How-
ever, they can navigate independently to target muscles in
the absence of motoneurons, albeit with less precision than
motor axons (Wang and Scott, 1999). Subsequently, muscle
afferents establish monosynaptic connections in the spinal
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424cord with motoneurons that innervate the same muscle.
The specificity of these central connections appears to be
determined by signals that the muscle afferents receive
from the muscles they contact (Wenner and Frank, 1995;
Ritter and Frank, 1999). Some of the molecules that regu-
late sensory-motor connectivity have been identified (Lin et
al., 1998; Arber et al., 2000; Perrin et al., 2001; Chen et al.,
2002), although our understanding is far from complete.
Less is known about the mechanisms and molecules that
regulate cutaneous innervation. In adults, each dorsal root
ganglion (DRG) innervates a characteristic region of skin,
termed a dermatome. Dermatomes of adjacent DRGs par-
tially overlap, forming a characteristic pattern on the limb,
first described by Sherrington in 1893 (reviewed in Scott,
1992). Axons from each DRG project to the periphery in a
characteristic set of nerves, such as the lateral or medial
femoral cutaneous nerves, the CFL and CFM, respectively
(Honig, 1982; Scott, 1984). The peripheral innervation fields
of these cutaneous nerves, like dermatomes, occupy char-
acteristic portions of skin on the limb, but overlap less
extensively than dermatomes (Woodbury and Scott, 1991;
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Brown et al., 1992). Spatial relationships among cutaneous
nerves in the periphery are maintained in the dorsal horn;
nerves that innervate adjacent regions of skin project to
adjacent portions of dorsal horn, forming a somatotopic
map (Woodbury and Scott, 1991; Brown et al., 1992).
Both dermatomes (Scott, 1982; Mirnics and Koerber,
1995b) and central projections of cutaneous afferents
(Fitzgerald, 1987a; Mirnics and Koerber, 1995a; Eide and
Glover, 1997; Ozaki and Snider, 1997) are established in the
appropriate locations from the outset during embryonic
development. In the absence of motoneurons (Scott, 1988),
cutaneous axons navigate to peripheral targets and establish
dermatomes quite accurately, perhaps being attracted to
skin by diffusible signals (Honig and Zou, 1995; Camilli and
Honig, 2001). In rodents, the peripheral pattern of vibrissal
whiskers on the muzzle organizes the pattern of central
sensory connections throughout the neuraxis, including the
cortex (reviewed in Kaas and Catania, 2002). In contrast,
several studies suggest that the ingrowth of cutaneous
afferents in the dorsal horn may be independent of periph-
eral target innervation (Mendelson et al., 1992; Sharma et
al., 1994; Mirnics and Koerber, 1995a). Whether cutaneous
axons recognize or are selectively matched with their
appropriate target skin is unknown. Moreover, although
some of the molecules that regulate the identity of dorsal
horn neurons have recently been identified (Gross et al.,
2002; Mu¨ller et al., 2002), the extent to which the target
skin on the limb influences the pattern of cutaneous
projections of these neurons (the somatotopic map) is
unknown.
In the present studies, we have examined development of
both the peripheral and central innervation patterns of
cutaneous nerves in embryos with rostral limb shifts
(Lance-Jones and Landmesser, 1981; Wang and Scott, 1999)
with the goal of answering these questions. We found that
skin on the limb became innervated by more rostral DRGs
and by fewer DRGs than normal following limb shifts,
suggesting that there is no matching between cutaneous
neurons and skin. Nevertheless, the overall pattern of
dermatomes resembled the normal pattern. Similarly, cuta-
neous nerves such as the CFL or CFM formed a somatotopic
map in the dorsal horn, but in more rostral segments than
usual. Thus, the peripheral target does not direct cutaneous
afferents to innervate specific cells in dorsal horn, but may
influence the development of central connectivity, perhaps
by programming the identity of the dorsal horn neurons.
Some of this work has been presented in abstract form
(Wang and Scott, 2001).
MATERIALS AND METHODS
General
Fertile white Leghorn chick eggs from a local supplier were
incubated in a humidified forced-draft incubator at 38°C. Embryos
were staged according to Hamburger and Hamilton (1951) at the
time of surgery and at sacrifice.
Surgery
One limb bud of Stage (St.) 17–18 (Hamburger and Hamilton,
1951) embryos was shifted rostrally before sensory axon outgrowth,
as described previously (Lance-Jones and Landmesser, 1981; Wang
and Scott, 1999). A window was cut in the shell, the embryo was
stained with 0.5% neutral red in phosphate-buffered saline (PBS),
and the vitelline membrane was opened. The left limb bud was
severed next to the lateral edge of the somites, using sharpened
FIG. 1. Dermatomes mapped electrophysiologically in control (top) and shifted (bottom) limbs. Each pair of legs shows the location of the
dermatome of one DRG on the medial (left) and lateral (right) skin of the same leg. The intensity of shading indicates the percentage of
embryos in which innervation was detected in that region of skin; the total number of embryos examined is shown in parentheses. Colors
indicate the general region of skin innervated by different DRGs in control and shifted limbs. DRG T5 occasionally innervated skin on the
anterior thigh in operated embryos, but is not shown here. A, anterior; P, posterior.
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tungsten needles. The cut was then extended anteriorly by several
segments and the limb bud was slid forward into the slit. After the
limb bud had adhered to the trunk, the embryo was moistened with
several drops of Ringer’s solution of the following composi-
tion (mM): NaCl, 150; KCl, 3; NaHCO3, 17; MgCl2, 1; CaCl2, 3;
dextrose, 12; Hepes, 10; pH 7.4. Eggs were sealed with paraffin and
a coverslip and returned to the incubator until the desired stage.
Of the 150 operated embryos, 42 survived and had morphologi-
cally normal limbs. To assess the extent of limb shifts, we observed
the apparent contribution of spinal nerves to the sciatic plexus
upon gross dissection (Lance-Jones and Landmesser, 1981). Nor-
mally, axons from lumbosacral segments 1–3 (LS1–3) and occasion-
ally the last thoracic segment (T7) form the crural plexus, before
projecting to muscles and skin in the anterior thigh; a few axons
from LS3 join the more posterior sciatic plexus. Following limb
shift, axons enter a more posterior region of the limb than normal.
An assessment of the contribution of axons from segments LS1–3
to the sciatic plexus showed that, as in earlier studies (Lance-Jones
and Landmesser, 1981; Wang and Scott, 1999), most limbs were
shifted rostrally by one to four segments (usually two to three).
Dermatomes
Dermatomes on shifted and control limbs were mapped physio-
logically at St.39–41 (E13–E15), as previously described (Scott,
1982). Briefly, embryos were placed in oxygenated Ringer’s at room
temperature (20–22°C) and were quickly decapitated and cut in
half along the dorsal midline. Thoracic and lumbosacral dorsal
roots and DRGs were freed from the surrounding connective tissue
and left attached to the hindlimb. The dermatome of each DRG
from T5 to LS8 was mapped by recording extracellularly from the
entire dorsal root with a suction electrode while the skin was
stimulated with a fine camel hair brush. Evoked activity was
recorded, amplified, and displayed on an oscilloscope, as well as
being relayed through an audiomonitor. The area of skin in which
stimulation evoked action potentials in each dorsal root was
recorded on a representative drawing of the leg, using the joints,
underlying bones, and feathers as reference points; this area of skin
defined the dermatome of the DRG. Drawings of dermatomes were
scanned and combined in Adobe Photoshop to obtain the compos-
ite drawings in Fig. 1. In addition, the area of each scanned
dermatome drawing was measured with NIH Image to determine
the relative sizes of dermatomes on control and shifted limbs.
Central Projections
To analyze the central innervation pattern in shifted limbs,
we injected DiI [1,1-dioctadecyl-3, 3,3, 3-tetramethylindocarbo-
cyanine perchlorate (Molecular Probes, Inc., Eugene, OR); 2.5
mg/ml dimethylformamide (DMF)] or DiA [4-(4-dihexadecylamino-
styryl)-N-methypyridinium iodide; 3 mg/ml DMF] into one or more
selected cutaneous nerves at St.37–41 (E11–E15)—either the CFL,
the CFM and/or the caudal femoral cutaneous nerve (CFC), which
normally arise predominantly from segments LS1–2, LS2–3, and
LS7–8, respectively (Honig, 1982; Scott, 1984). Injected embryos
were maintained in oxygenated L15 medium (GIBCO BRL, Grand
Island, NY) at 32°C for 6 h, when they were fixed in 4% parafor-
maldehyde in 0.1 M phosphate buffer, pH 7.4. The embryos were
stored in the same fixative at 37°C for another 3–4 weeks to allow
thorough retrograde labeling.
Injected embryos were first observed as whole mounts with
fluorescence optics to assess the overall pattern of transported dyes.
Subsequently a block containing spinal cord and DRGs from T4
(usually one segment rostral to the most rostral labeled DRG)
through the lumbosacral enlargement was cut out and embedded in
gelatin–albumin. Blocks were hardened overnight in 1% glutaral-
dehyde and serially sectioned transversely at 150 m with a
Vibratome. Sections were mounted in 90% glycerol/10% PBS
containing 0.1% p-phenylenediamine (Johnson and Nogueira
Araujo, 1981) to retard fading. Labeling was viewed with a Zeiss
Axioskop microscope or an Olympus Fluoview confocal scanning
laser microscope. Confocal images were collected at 10-m inter-
TABLE 1
Relative Sizes of Dermatomes of Individual DRGs
on Control and Shifted Limbs
Segment Control Shifted P
T6 1.17  0.63 (4) 2.74  0.39 (6) 0.0011
T7 1.22  0.55 (5) 2.80  1.20 (5) 0.0279
LS1 1.66  1.00 (6) 2.60  1.06 (6) 0.1460
LS2 1.96  0.94 (7) 2.53  1.15 (6) 0.3490
LS3 1.56  0.44 (5) 2.52  0.74 (6) 0.0315
LS4 1.54  0.60 (6) 2.36  0.87 (4) 0.1144
LS5 2.18  0.72 (6) 2.14  0.04 (2) 0.9479
LS6 1.92  0.37 (6)
LS7 1.62  0.50 (6)
LS8 1.15  0.47 (6)
Note. Dermatomes were measured on representative drawings of
the limbs. Thus, the units of area are arbitrary. The number of
embryos is shown in parentheses. Differences in dermatome areas
were compared for significance with a Student’s t test. The der-
matome of DRG T6 is not located on the limb in control embryos
(see Fig. 1).
TABLE 2
Relative Sizes of Dermatomes on Different Regions of the Limb
in Control Embryos and Embryos with Shifted Limbs
Limb region Control Shifted P
Anterior thigh
(red, Fig. 1)
1.63  0.80 (23) 2.77  0.81 (11) 0.0005
Shank/foot
(green, Fig. 1)
1.86  0.71 (12) 2.55  0.94 (18) 0.0395
Posterior limb
(blue, Fig. 1)
1.77  0.45 (12) 2.36  0.87 (4) 0.0935
Note. Dermatomes were measured on representative drawings of
the limb. Thus, the units of area are arbitrary. The average sizes of
dermatomes on different regions of skin were then calculated.
Dermatomes on the anterior thigh and shank of control vs shifted
limbs comprise DRGs T7–LS3 vs T6–7, respectively; dermatomes
on the distal shank and foot comprise DRGs LS4–5 vs LS1–3; and
dermatomes on the posterior limb comprise LS6–7 vs LS4. The
number of dermatomes included in each group is shown in paren-
theses. Differences in the size of dermatomes on different skin
regions were compared for significance with a Student’s t test.
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vals and combined into a single stack. The number of labeled DRG
neurons and density of projections in the dorsal horn were scored
on a scale from 0 to 3 for each section, with 1 representing sections
in which fewer than 20 DRG neurons or axons were labeled, and 3
representing sections in which labeling was too dense to distin-
guish individual neurons or axons. These data are summarized in
Fig. 3.
RESULTS
We have previously shown that muscle afferents navigate
to peripheral targets less accurately than motoneurons
when confronted with a novel environment; for example,
when a limb bud is shifted rostrally prior to axon outgrowth
(Wang and Scott, 1999). Here, we assessed the accuracy
with which cutaneous axons innervate target skin follow-
ing similar limb shifts. We found that skin on shifted limbs,
like the muscles, became innervated by more rostral DRGs
than normal, as described below. Importantly, the finding
that DRGs innervated novel skin regions following limb
shifts allowed us to investigate whether the peripheral
targets of cutaneous neurons determine their central pro-
jections.
Physiological Mapping of Dermatomes
Dermatomes were mapped physiologically at St.39–41
(E13–E15) in six control embryos, the contralateral control
limb of one operated embryo, and six embryos in which a
limb bud had been shifted 1–3 segments rostrally at St.17
(E2.5) (see Materials and Methods). These represent the
mature dermatomes, since by these stages, the cutaneous
nerve supply in chicks is stabilized and has assumed its
adult pattern (reviewed in Saxod et al., 1995) and the period
of sensory cell death is nearly over (Caldero´ et al., 1998).
As described previously (Scott, 1982), hindlimb der-
matomes in normal embryos arise from lumbosacral DRGs
LS1–8, with an occasional small contribution from DRG
T7. Dermatomes of adjacent DRGs partially overlap one
another, producing an orderly progression of dermatomes
along the limb, as illustrated in Fig. 1. For example, the
most rostral lumbosacral DRG (LS1) innervates skin on the
anterior thigh, the middle DRGs (LS4 and 5) innervate the
skin on the distal shank and foot, and most caudal DRG
(LS8) innervates skin on the posterior thigh.
Following limb shifts, cutaneous innervation of the limb
was derived from more rostral DRGs than normal and from
fewer DRGs than normal, although the overall pattern
of dermatomes was preserved, as shown in Fig. 1. In this
figure, the corresponding areas of skin in control and
operated embryos are color-coded for ease of comparison.
Following limb shifts, the most caudal thoracic DRGs, T6
and 7 (and occasionally T5, not shown), which normally
project to the periphery via intercostal nerves and innervate
skin on the belly, joined the CFL and innervated skin on the
anterior thigh that is normally innervated by DRGs LS1–3
(and occasionally T7) (red in Fig. 1). DRGs LS1–3 projected
into more caudal and distal cutaneous nerves than normal
to innervate skin on the shank and foot that is usually
innervated by DRGs LS4 and 5 (green, Fig. 1). Similarly,
DRG LS4 innervated skin on the posterior limb normally
innervated by DRGs LS6 and 7 (or LS8) (blue, Fig. 1). DRG
LS5 rarely projected into shifted limbs, but when it did, it
innervated skin on posterior thigh normally innervated by
DRG LS8 (purple, Fig. 1).
In most cases, only six to seven rather than eight to nine
DRGs innervated skin on shifted limbs. The DRGs that
innervated shifted limbs were clearly larger than the corre-
sponding DRGs on the control side. To determine whether
dermatomes were also enlarged when fewer DRGs inner-
vated the limbs, we measured the size of dermatomes
recorded on our standard drawings. The measured units are
arbitrary, but provide an estimate of the relative sizes of
FIG. 2. DiI injection into the CFL nerve shows that cutaneous
innervation of the limb is derived from more rostral segments than
normal following limb shifts. (A) Uncleared whole-mount view of
DRGs and spinal cord of an embryo in which one limb (shown on
left) was shifted one to two segments rostrally at St.17. DiI was
injected into the CFL nerves on both sides of the embryo at St.40
(E14). (B) Transverse sections through dorsal horn of a different
operated, injected embryo at thoracic levels T5 and T7 and lumbo-
sacral level LS2. Only the dorsal horn is shown in these panels,
with medial to the middle; DRGs are not included in these images.
In these, and all other embryos with limb shifts, the CFL was
derived from neurons in more rostral DRGs and projected into
more rostral segments of dorsal horn than normal.
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dermatomes on control and shifted limbs. Dermatomes of
individual DRGs were generally larger on shifted limbs
than on control limbs, although these differences were not
significant for all of the DRGs (Table 1). However, DRGs
innervated very different regions of the limb in control and
operated embryos. Therefore, we also compared the size of
dermatomes on different regions of the limb; for example,
on the anterior thigh (red in Fig. 1) or on the anterior shank
and foot (green in Fig. 1). Dermatomes in each region were
also larger on shifted than on control limbs (Table 2), with
the caveat that designation of these groups was somewhat
arbitrary.
Thus, following limb shifts, each DRG innervated a novel
region of skin, suggesting that there is no obvious matching
or selectivity between DRGs and skin regions. Moreover,
the finding that a different set of DRGs form a “normal”
pattern of dermatomes in these embryos suggests that the
DRGs with the most ready access to the limb simply parcel
out the skin in a consistent and predictable manner, with-
out regard to the segmental origin of the DRG or skin.
Central Projections of DRGs That Innervate
Novel Skin Regions
Previous studies have shown that sensory axons grow to
the periphery prior to growing into the CNS (Davis et al.,
1989; O’Donovan et al., 1992, but see Mendelson et al.,
1992; Mirnics and Koerber, 1995a), and that the peripheral
environment of developing sensory neurons may play a
major role in directing the selection of their targets in the
spinal cord (reviewed in Frank and Wenner, 1993). For
example, it appears that target muscles can determine the
central connection of muscle afferents (Wenner and Frank,
1995; Ritter and Frank, 1999). We took advantage of our
finding that DRGs innervated novel skin regions following
limb shifts to ask whether the peripheral target skin simi-
larly determines the central connections of cutaneous neu-
rons. That is, we asked whether cutaneous axons that
innervate skin on shifted limbs project into dorsal horn in
accord with the segmental location of the DRG or in accord
with the region of skin they innervate.
To distinguish between these possibilities, we injected
one or more selected cutaneous nerves (CFL, CFM, and/or
CFC) with DiI or DiA in shifted and control limbs, and
charted the distribution of labeled neurons in DRGs and
projections in the dorsal horn. As expected from the pattern
of dermatomes, each cutaneous nerve arose from more
rostral DRGs than normal in shifted limbs. For example, in
control embryos, the CFL receives most of its axons from
DRGs LS1–2, with occasional smaller contributions from
T7 and LS3, whereas the CFM receives most of its axons
from DRGs LS2–3, with a smaller contribution from LS1
(Honig, 1982; Scott, 1984). Following limb shifts, the CFL
arose from DRGs T6–LS1 (as shown in the example in
Fig. 2A), with occasionally smaller contributions from
T5 and LS2, whereas the CFM arose from DRGs T7–LS1,
with smaller contributions from T6 and/or LS2. Similarly,
the CFC derived from more rostral segments in shifted
limbs than in controls, DRGs LS3–5 and LS7–8, respec-
tively.
Significantly, each of these nerves projected into more
rostral segments of dorsal horn than normal. For example,
in control embryos at the stages examined, the central
projections of the CFL extended from segments T5 though
LS3, the densest projections occurring in segments T7
through LS2. Following limb shifts, the CFL projected into
dorsal horn segments T3 through LS1, with the densest
projections occurring in segments T5–7 (Fig. 2B). Similar
rostral shifts were observed for both the CFM and CFC, as
summarized in Fig. 3.
These findings suggest that, following limb shifts, axons
from each DRG project into the same segmental levels of
dorsal horn that they innervate in control embryos, rather
FIG. 3. Schematic representation of the location of DRG neurons
and central projections of cutaneous axons that innervated skin on
shifted and control limbs. DiI or DiA was injected into a selected
cutaneous nerve—CFL (red, n  7), CFM (green, n  4), or CFC
(blue, n  4), and the locations of labeled DRG neurons and central
projections were analyzed in serial Vibratome sections. Each ver-
tical bar represents a single embryo; its width reflects the density of
projections at different segmental levels of dorsal horn scored on a
scale of 0–3, as described in Materials and Methods. The length of
lines in DRGs reflects the number of DRG neurons labeled, also
described in Materials and Methods.
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than projecting to regions of dorsal horn that correspond to
the area of skin they now innervate. This is an especially
intriguing possibility for thoracic nerves, which never in-
nervate skin on the limb in control embryos. However,
normally each DRG projects into more than five segments
of dorsal horn (Davis et al., 1989). Following limb shifts
each cutaneous nerve still receives some axons from nor-
mal segmental levels. It is conceivable that these axons,
rather than axons from the novel rostral DRGs, extend
rostrally in the dorsal horn and comprise the shifted central
projections. To distinguish between these possibilities, we
examined the central projections of axons from DRG T6
that projected to the periphery in the CFL in two embryos
with shifted limbs. To this end, we cut all dorsal and
ventral roots except T6 prior to injecting DiI into the CFL in
both limbs. Labeled axons projected into thoracic dorsal
horn segments on the limb-shifted side, but as expected,
were absent on the control side (Fig. 4). Thus, thoracic
axons continued to project to their usual rostrocaudal levels
of dorsal horn, despite projecting in novel cutaneous nerves
and innervating regions of skin on the limb that they would
not normally innervate.
Interestingly, following limb shifts, the spatial relation-
ships among axons in the periphery were maintained in the
dorsal horn, as in normal embryos, but in a new, more
rostral location. For example, the location of the CFM
projection in the dorsal horn relative to that of the CFL was
normal, despite the fact that both projections were estab-
lished at inappropriate segmental levels. In chickens,
lamina II is located lateral, rather than dorsal, to lamina III.
Thus, in control embryos, each cutaneous nerve makes two
sets of projections in dorsal horn. The CFL projection lies
lateral and slightly rostral to that of the CFM in both
laminae (Woodbury and Scott, 1991). This pattern was
also established in dorsal horn of embryos with limb shifts,
but in more rostral spinal cord levels (Fig. 5). Further,
although the CFC projection was established in more ros-
tral segments than normal, it was always located caudal
to projections of the CFL and CFM, as in control embryos
(Fig. 3).
Thus, following limb shifts, a “normal” somatotopic map
is established in more rostral segments than usual, without
regard to the segmental origin of the DRGs that supply the
limb or the segmental origin of CNS itself. It appears that
cutaneous axons project directly into adjacent regions of
dorsal horn and do not seek out the regions of dorsal horn
typically associated with their peripheral innervation fields.
Whereas the peripheral target skin may shape the overall
pattern of central projections, for example, the medial–
lateral relationship of the CFL and CFM, it clearly does not
direct axons to specific populations of neurons in the spinal
cord, as do the peripheral targets of muscle afferents (Wen-
ner and Frank, 1995; Ritter and Frank, 1999). Instead, the
target skin appears to direct the appropriate pattern of
central projections, but in ectopic locations.
DISCUSSION
In the present study, we have mapped dermatomes and
central projections of cutaneous nerves in embryos in
which we experimentally altered the periphery to assess
whether cutaneous axons recognize or are selectively
matched with regions of skin, and whether the peripheral
target skin dictates the central projections of cutaneous
axons. Following a rostral limb shift, axons from more
rostral DRGs than normal innervated skin on the limb.
Nevertheless, these DRGs formed a seemingly normal
somatotopic map in the dorsal horn, but in more rostral
segments. Together, these findings suggest that cutaneous
axons are not selectively matched to particular regions of
skin. Moreover, while the skin is able to correctly establish
patterning of central cutaneous projections, it does not
signal cutaneous axons to project to specific cells in the
dorsal horn.
The Dermatome Pattern
Following limb shifts, skin on the hindlimb of operated
embryos became innervated by more rostral DRGs than
normal, including several thoracic DRGs. Each DRG in
these embryos innervated a different region of skin than it
would in intact animals. The finding that cutaneous neu-
rons can innervate regions of skin outside their usual
dermatomes is consistent with earlier observations that
dermatomes can expand into regions of skin whose usual
cutaneous innervation has been eliminated prior to axon
outgrowth (Scott, 1984). The promiscuity of cutaneous
innervation is even more striking here than in these earlier
studies, in that axons come to innervate skin of very
different embryological origins that will have very different
morphology and function in the adult.
Thoracic DRGs normally innervate skin in which the
dermis, the only layer of skin that is innervated in birds
(reviewed in Saxod et al., 1995), originates from the somitic
dermamyotome (Mauger, 1972). In contrast, dermis on the
limb is derived from the somatopleure (Chevallier et al.,
1977). Thus, following limb shifts, thoracic DRGs inner-
vate skin that is not only segmentally mismatched, but also
derived from different embryonic precursors. DRGs LS1–3
normally innervate skin on the anterior thigh and proximal
shank, but innervate the foot after limb shifts. These two
regions differ in the epidermal appendages they elaborate,
feathers vs scales, respectively, again indicating an impres-
sive lack of specificity in cutaneous innervation. We have
mapped innervation at relatively late, but not yet fully
mature, embryonic stages. Whether this seemingly aberrant
innervation would persist after hatching or will be lost (cf.
O’Brien and Oppenheim, 1990) is unknown.
Dermatomes were larger than normal in embryos with
limb shifts. This expansion could have arisen from an
enlargement of the receptive fields of individual DRG
neurons or from an increase in the number of neurons in
each DRG that contribute to individual dermatomes. We
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favor the latter possibility, since DRGs were clearly en-
larged following limb shifts. Thus, although fewer DRGs
than normal innervated shifted limbs, it is likely that the
total number of neurons that innervated skin on these
limbs was close to normal.
Interestingly, the overall pattern of dermatomes was
“normal” following limb shifts. Although fewer than nor-
mal DRGs innervated shifted limbs, the DRGs parceled out
the skin in the same way in both operated and control
limbs—the most rostral DRGs innervated the anterior
thigh, the middle DRGs innervated the foot, and the most
caudal DRGs innervated the posterior limb. This same
pattern is seen in all vertebrates that have been examined,
regardless of the number of DRGs that innervate the limb
(reviewed in Scott, 1992). This suggests dermatomes do not
FIG. 4. Cutaneous axons in thoracic DRGs project into their
usual segments of dorsal horn after a limb shift despite growing to
the periphery in the CFL nerve. In the experiment shown here, we
severed all dorsal roots except that at thoracic level T6 prior to
injecting the CFL nerves with DiI in shifted (left) and control (right)
limbs. Transverse sections through DRGs and spinal cord at levels
T4, T6, and LS1 show that the CFL in the shifted limb arises from
more rostral DRGs than in the control limb and that following a
limb shift, CFL axons from DRG T6 project into rostral levels of
dorsal horn characteristic of thoracic, rather than lumbosacral,
DRGs. Note that no neurons from DRG T6 project in the CFL in
the control limb. Asterisks indicate unlabeled DRGs.
FIG. 5. Spatial relationships among axons in the periphery are
maintained in the dorsal horn, but in novel rostral locations,
following limb shifts. (A) Schematic diagram of the dorsal horn of
a control embryo at approximately LS1 or 2 to show the relative
positions of the central projections of the CFL (red, asterisks) and
CFM (green, arrows) in laminae II and III. In chickens, lamina II is
located lateral, rather than dorsal to lamina III. Thus, in control
embryos each cutaneous nerve makes two sets of projections in
dorsal horn; CFL projections lie lateral and slightly rostral to those
of the CFM in both laminae. (B) Transverse sections through the
dorsal horn of a St. 40 (E14) embryo in which one limb (left panels)
was shifted two to three segments rostrally at St.17 (E2.5). The CFL
was labeled with DiI (red) and CFM with DiA (green) on each side.
Labeling on the control side of this embryo was somewhat weak,
especially in lamina III, but was similar in location to that reported
previously for hatchlings (Woodbury and Scott, 1991). Note that
each nerve makes two sets of projections in the dorsal horn, with the
CFL projections (asterisks) lying lateral and slightly rostral to those of
the CFM (arrows) on both sides of the embryo, but that the projections
are established in more rostral segments than normal on the side with
the shifted limb. Medial is to the middle in each panel.
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arise through a specific matching between DRGs and skin
regions, but rather by other factors, such as the access of
DRGs to the limb primordia, the timing of axon ingrowth
from different DRGs, competition between ingrowing ax-
ons, and the way the limb elongates as axons are growing in
(reviewed in Scott, 1992).
Central Projections of Afferents That Innervate
Novel Skin Regions
As with dermatomes, the overall pattern of central pro-
jections was normal but the somatotopic map was estab-
lished in more rostral segments of dorsal horn. Thus, the
peripheral target skin does not direct cutaneous afferents to
specific populations of cells in the spinal cord. These results
appear to contrast with earlier findings that the target
muscle signals muscle afferents to synapse with motoneu-
rons appropriate for that muscle (Wenner and Frank, 1995;
Ritter and Frank, 1999). These two experimental paradigms
are not directly comparable, however. In experiments in-
volving muscle afferents that innervated novel muscles, the
appropriate and inappropriate target motoneurons lay side
by side in the same segments of spinal cord. Thus, muscle
afferents had ready access to both populations, enabling
them to choose between the two. In contrast, in the present
studies, we created a mismatch between sensory neurons
and the periphery by shifting the limb rostrally. Cutaneous
afferents that innervated a particular region of skin were
displaced several segments from the dorsal horn cells that
usually represent that region of skin. Thus, cutaneous
afferents in the present experiments faced a different, most
likely more challenging, task to find their appropriate
postsynaptic partners.
We think that it is unlikely that cutaneous afferents were
displaced too far to detect cues from the dorsal horn cells
that they usually innervate (cf. Lance-Jones and Land-
messer, 1981). If we had shifted the limbs too far, we expect
that nerves such as the sartorius and CFL would be missing
from the anterior thigh, as in earlier studies (Honig et al.,
1986). Instead, these nerves were present in all of our
operated embryos. Moreover, we shifted limbs only two to
three segments rostrally, and some other types of sensory
axons (vestibular axons, for example, Tashiro et al., 2000)
can pathfind normally in the CNS following similar rostro-
caudal shifts.
Thus, it is likely that there are real differences in the
factors that govern the distribution of central projections of
muscle and cutaneous afferents. The development of these
two systems differs in several significant ways. For ex-
ample, different regions of skin may not contain distinct
identities similar to those of different muscles (or their
connective tissue components, cf. Lance-Jones and Dias,
1991). At the time that cutaneous axons first grow in, the
skin forms a continuous sheet over the limb without
obvious landmarks or divisions. Indeed, several Hox genes,
which are associated with segmental patterning, are ubiq-
uitously expressed throughout embryonic skin at these
stages (Reid and Gaunt, 2002). In addition, although at least
six populations of dorsal horn cells have been identified
based on the constellation of transcription factors they
express, these molecular distinctions appear to be related to
the modality or laminar position of the neurons (Chen et
al., 2001; Gross et al., 2002; Mu¨ller et al., 2002), rather than
to the region of skin they represent. Finally, unlike the
motoneurons, which are the postsynaptic partners of
muscle afferents, some cells in the dorsal horn are still
dividing at the time that cutaneous afferents begin to
invade the gray matter (Eide and Glover, 1997). These cells
are unlikely to have acquired distinct identities or be
recognized by their presynaptic partners. A likely scenario
that is wholly consistent with our findings is that dorsal
horn neurons may instead gain their identity from the
primary afferents that contact them, as discussed below.
Nevertheless, following limb shifts cutaneous axons do
form a somatotopic map in the dorsal horn, but in the
wrong segments relative to the normal limb region. The
presence of this map, with the CFL field lying lateral to that
of the CFM, and both lying rostral to that of the CFC,
indicates that information about spatial relationships
among cutaneous axons in the periphery is being conveyed
to their terminals in the CNS. Topographic representation
of the periphery in the CNS is a characteristic of many
sensory systems, yet the mechanisms that produce these
representations are unknown. One possibility is that the
timing of ingrowth of axons may be important in determin-
ing the relative locations of their projections in the dorsal
horn. Shifting a limb bud rostrally is unlikely to alter the
order in which axons in different cutaneous nerves grow
into the CNS. Thus, spatial and temporal factors that affect
normal development of cutaneous projections are likely to
be recapitulated following limb shifts.
Alternatively, positional information may somehow be
conveyed from the skin to the primary afferents, either via
interactions among cutaneous axons in the periphery or
from the skin itself. The primary afferents, having gained an
identity, may then pass on this information to their
postsynaptic partners, thereby giving them a similar iden-
tity. Although the molecular mechanisms responsible for
retrograde signaling and matching are unknown, the pro-
posed scenario is consistent with the observation that
during embryonic development, the homeodomain protein
DRG11, which is required for the projection of cutaneous
neurons to dorsal horn (Chen et al., 2001), appears first in a
subset of DRG neurons soon after their axons grow out (see
Mirnics and Koerber, 1995b) and subsequently appears in
their target neurons in the dorsal horn (Saito et al., 1995).
A third possibility is that neural activity patterns, which
are important in regulating the formation of topographic
maps in other systems (Kaas and Catania, 2002), may also
play a role in the formation of somatotopic maps in the
dorsal horn. Cutaneous axons can be activated from the
periphery soon after they reach the skin (Scott, 1982;
Fitzgerald, 1987b), and begin to activate dorsal horn neu-
rons shortly thereafter (Fitzgerald, 1991). Embryos are spon-
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taneously active from very early stages, even before func-
tional afferent connections are present (reviewed in Bekoff,
2001). Thus, cutaneous axons are likely to provide dorsal
horn neurons with relevant patterns of activity from the
outset, which may serve to sculpt the map regardless of
where it forms along the rostrocaudal axis. Further experi-
ments will be required to distinguish between these possi-
bilities.
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